Abstract -There is growing interest in renewable energy around the world. Since most renewable sources are intermittent in nature, it is a challenging task to integrate renewable energy resources into the power grid infrastructure. In this grid integration, communication systems are crucial technologies, which enable the accommodation of distributed renewable energy generation and play extremely important role in monitoring, operating, and protecting both renewable energy generators and power systems. In this paper, we review some 
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II. OVERVIEW OF COMMUNICATION SYSTEMS FOR GRID INTEGRATION OF RENEWABLE ENERGY RESOURCES
A typical electric grid communication system consists of a high-bandwidth backbone and lower-bandwidth access networks, connecting individual facilities to the backbone. Fiber optics and/or digital microwave radio are usually the technologies for backbone, whereas the access may use alternatives such as copper twisted-pair wire lines, power line communications, and wireless systems. In this section, we introduce some communication technologies and related standards that are particularly interesting for grid integration of renewable energy resources.
A. Power Line Communications
Power line communications (PLCs) are to use existing electrical wires to transport data.
Recently, new PLC technologies are available that allow high bit rates of up to 200 Mb/s. PLC can be used in several important applications: broadband Internet access, indoor wired local area networks, utility metering and control, real-time pricing, distributed energy generation, etc. [2] .
From a standardization point of view, competing organizations have developed specifications, including HomePlug Powerline Alliance, Universal Powerline Association and HD-PLC. ITU-T adopted Recommendation G.hn/G.9960 as a standard for high-speed power line communications.
In IEEE, P1901 is a working group developing PLC medium access control and physical layer specifications. National Institute of Standards and Technology (NIST) has included HomePlug,
ITU-T G.hn and IEEE 1901 as "Additional Standards Identified by NIST Subject to Further
Review" for the smart grid in the USA [1] .
The primary advantage of PLC arises from the fact that it allows communication signals to travel on the same wires that carry electricity. However, since power line cables are often unshielded and thus become both a source and a victim of electromagnetic interference (EMI).
Another issue is the price. A PLC module is usually more expensive than a wireless module, such as ZigBee, which will be introduced in the next subsection. In addition, wireless is also more practical in some applications, such as water/gas meters powered by batteries without power lines.
B. Wireless Home (Local) Area Networks
A leading standard for the wireless home network communications is ZigBee. The Zigbee Smart Energy standard builds on top of the ZigBee Home Automation (HAN) standard. HAN provides a framework to automatically control lighting, appliances, and other devices at home.
ZigBee Smart Energy provides a framework to connect HAN devices with smart meters and other such devices. This will enable the energy utility to directly communicate with the end consumers of energy.
Wi-Fi is often used as a synonym for IEEE 802.11 wireless local area network (WLAN) technologies. Recently, Wi-Fi became a standard for laptops and subsequently phones due to its high data rate. When using it in utilities, however, Wi-Fi's power consumption is an issue that needs to be considered carefully.
The ZigBee Alliance and the Wi-Fi Alliance also consider collaborating on applications for energy management and networking. The initial goal will be to get Smart Energy 2.0, a standard promoted by ZigBee, to work on Wi-Fi.
C. Wireless Wide Area Networks
Public cell phone carriers have great interest in using wireless wide area networks to connect household smart meters directly with the utility's systems. A major advantage of this approach is the reduction of the costs (by not having to build a new network and by leveraging the expertise of the telecom world). However, since public wireless cellular networks are not specialized in machine-to-machine area, some requirements in utilities may not be met by cellular networks.
Others argue that if the public wireless giants want to get into this business, they will do whatever it takes to meet the requirements to win these large-scale, multi-year utility contracts.
WiMAX is based on the IEEE 802.16 standard, enabling the delivery of wireless broadband communications. Unlike the now-popular wireless networking technologies using unlicensed spectrum (such as those used by Silver Spring and Trilliant), WiMAX uses licensed wireless spectrum, which is arguably both more secure and reliable. The primary disadvantage of using a licensed network is that it is more expensive. In addition, compared to cellular technologies,
WiMAX has yet to be deployed at scale, which means some risks when applied to utilities.
D. Interoperability of Different Communication Systems
Without a framework of interoperable standards for communications, it would be very difficult to integrate renewable energies into the grid. Since the potential standards landscape is very large and complex, interoperable standards adoption is challenging. Many utilities and regulatory groups are collectively trying to address interoperability issues through workgroups such as the GridWise Architecture Council and Open Smart Grid (Subcommittee of the Utility Communications Architecture International Users Group) as well as through policy action from NIST. In June 2009, NIST announced an interoperability project via IEEE P2030, which seeks to define interoperability of energy technology and information technology operations with electric power systems and end-user applications and loads [3] . 6 
III. COMMUNICATION SYSTEMS FOR GRID INTEGRATION OF WIND FARMS
Wind energy has become an increasingly significant portion of the generation mix. Large scale wind farms are normally integrated into power transmission networks so that the generated electric power can be delivered to load centers in remote locations. Small scale wind farms can be integrated into power distribution networks to meet local demands. Because of high variability and intermittency, wind farm operations become a great challenge to power systems [4] . Columbia's transmission network [5] . In commercial operation since Dec. 2009, BMW is a typical project in a sense that it integrates large-scale wind resources into bulk power systems by adopting up-to-date technologies. The reliable and flexible operation of BMW, including active power coordination, reactive power control, wind farm protection and system protection, has been supported by the communication infrastructure specifically designed for this project. Figure 1 shows a high level scheme of grid integration of BMW to bulk power system, where information flow and energy flow among BMW, transmission system, distribution system and generation system are summarized in an illustrative way. It can be seen that a modern power system is composed of high power equipment and communication networks. Energy flows through the power grid to meet customer demand, while information flows through the communication system to monitor the system status, control the dynamic energy flows presented in the grid, and transfer the information collected from an internet of smart devices for sensing and control across the power grid.
B. Communication Systems for BMW Supervisory Control and Data Acquisition (SCADA)
Inside BMW, the wind farm SCADA system is used for data acquisition, remote monitoring, open-loop and closed-loop control for both individual wind turbines and the whole farm. BMW SCADA also provides a platform for the customer, the manufacturer (ENERCON), and the utility (BC Hydro) to access the operating state and to analyze sampled event data. Moreover, authorized users can use the SCADA to modify parameters of wind energy converter (WEC) controllers and voltage control system (VCS), etc. This feature is of special importance because wind farm controllers need to be tuned to achieve optimized performances under varying power system conditions. The closed-loop control to regulate the voltage at Point of Interconnection (POI) is another desired SCADA feature, which coordinates wind turbine outputs and provides reactive power support for utility system. order to guarantee power system reliability and safety. Therefore, high reliability of communication systems can increase the wind energy yield which is beneficial for not only wind farm owners, but also utilities and customers.
 Islanding detection and operation through communication systems: An electrical
island forms when a portion of the power system becomes electrically isolated from the rest of the system, while it continues to be energized by wind farms or other distributed
generators. An energized island may cause severe safety hazards and must be effectively detected before some control measures can be taken to fix the problem. The traditional method for islanding detection is to monitor the frequency and/or voltage drifts, which may not function properly or fast enough. Using wireless communications or PLC could be a fast and accurate means for island detection and control.
IV. COMMUNICATION SYSTEMS FOR GRID INTEGRATION OF PHOTOVOLTAIC POWER SYSTEMS
A. Introduction to Photovoltaic Power Systems (PPS)
The first application of photovoltaic power was as a power source for space satellites. Today, the majority of photovoltaic modules are used for utility-interactive power generation. Gridconnected solar systems are typically classified as three categories: residential, commercial, and utility scales. Residential scale is the smallest type of installation and refers to all installations less than 10kW usually found on private properties. The commercial capacity ranges from 10kW to 100kW, which are commonly found on the roof of a commercial building. Utility scale is designed to the installations above 100kW, which are traditionally ground-based installations on fields (also known as solar farms or plants).
B. Communication Systems for PPS Supervisory Control and Data Acquisition (SCADA)
Data acquisition was originally found in the utility scale solar power systems for monitoring connection status, real and reactive power output, and voltage at the interconnection point. With the spread of the Internet, web-based tools have been developed to give photovoltaic system owners access to the current and historical data of their systems. Since then, the communication system becomes cost-effective and applicable to small-scale power systems. As shown in Figure   4 , the monitoring interface gets electrical generation data from the inverters and transmits it to the server via the Internet. Some systems also provide sensors to collect data of ambient temperatures, solar irradiance, total generation, and usage data from the electrical panel. RS-485 is widely used as the protocol between the inverters and the data logger. Ethernet and Internet are typically the media for local and remote monitoring. A RS232 or USB interface is handy for the on-site debug, configuration, or monitoring for one-inverter systems.
These systems normally monitor the following variables: the solar array power production, inverter output, inverter status, AC grid conditions, weather station data, temperature of key components, and solar irradiance, etc. The owners or operators can follow the real-time details about the system operation. Some monitoring data are metering-quality and used for feed-in tariff.
C. Communication Systems for PPS Advanced Applications: Fault Diagnosis
A photovoltaic cell is a device that converts light energy into electrical energy. Photovoltaic cells are often encapsulated as a module. Most solar power installations are made up of several strings, each of which includes two or more photovoltaic modules. Strings are then interconnected to create an array with the desired current or power.
It is shown in [9] that non-optimal conditions, such as minor shading, can cause a major reduction in solar power output of the photovoltaic array. Non-optimal conditions are sometimes unavoidable and complicated as they are caused by many different conditions: such as partial shading, soiling, dust collection, cell damage, cell ageing, etc. As a result, it is very difficult to detect a non-optimal condition by reading the power output or sensing the output terminal of a photovoltaic array. 
